Abstract -The challenging in injection molding process is to get the uniform thermal distribution on the molded parts during the cooling stage which is mainly depend on the design of the cooling channels in injection mold. Poor design of cooling channels will result a non-uniform thermal distribution which lead to a longer cycle time, differential shrinkage and warpage defects on the molded parts. In this study, the performance of conformal cooling channels compared to the straight drilled cooling channels in order to minimize the warpage on the front panel housing is evaluated. The simulation results from Autodesk Moldflow Insight (AMI) 2013 are analyzed by using Taguchi Method and Analysis of Variance (ANOVA). The analyses show that conformal cooling channels are able to improve the quality of the molded parts in term of warpage compared to the conventional straight drilled cooling channels and the results are beneficial for the molding industries which involving the precise parts.
Introduction
There are four stages in injection molding process that are filling, packing, cooling and parts ejection. From all of these stages, cooling stage is highly influencing the molding cycle time and quality of the molded parts [1] .
Previously, most of researchers had conducted theoretical simulation and experimental studies to optimize the molding parameters in order to improve the warpage on the molded parts [2] [3] [4] .
Tang et al. [2] applied Taguchi method and ANOVA to minimize warpage on thin plate parts (120 mm length, 50 mm width and 1mm wall thickness) and to determine the most significant factor affecting warpage on the molded parts. The results show that the melting temperature is the most significant factor that affected the warpage of the thin plate parts.
Huang and Tai [3] reported that the packing pressure is the most significant factor that affects the warpage on the thin shell parts (rectangle cover of length 120 mm, width 50 mm, height 8 mm and wall thickness 1 mm) based on analysis by using Taguchi method on the results from simulation.
Liao et al. [4] investigated the parameters that affected warpage in thin wall parts. Results from analyses show that packing pressure is the most significant parameter for thin wall parts in injection molding process.
In other researches, it have been found that, the design of cooling channels in injection molds will affect the quality of molded plastic produced in term of warpage and the efficient cooling channels are able to minimize the differential shrinkage and warpage issues on the molded parts [5] [6] [7] [8] .
The conformal cooling channels have been introduced in order to improve the cooling efficiency during the cooling stage in injection molding process and the alternative solution to improve the warpage on the molded parts. Conformal cooling channels have been proven in the previous researches on improving cooling time, thermal distribution and the warpage on the molded parts [1, [9] [10] [11] [12] [13] [14] .
In this study, the square cross section conformal cooling channels, 6 mm x 6 mm has been compared to the straight drilled cooling channels with Ø6 mm for front panel housing. The distance from center of the cooling channels to the mold surface is 9 mm, which is 1.5D with D is diameter of cooling channels. The results from simulation analysis have been optimized using Taguchi method and ANOVA analysis in order to get the best setting parameters and to identify the most significant factors that affected the warpage on the molded parts.
Experimental Method
In this study, Taguchi method is used to identify the best setting of injection molding parameters and ANOVA is used to identify the most significant factor that affected the warpage of the front panel housing with straight drilled and conformal cooling channels. There are many factors that influence the warpage on the molded parts such as the design of the molded part, types of plastic resin used, molding parameters, coolants design, types of molds and room temperatures. However in this study, only few major factors were considered and the following assumptions were adopted: i. The gate dimension was neglected due to non-identical design for the molded parts. ii. The ambient temperature was assumed to be constant. iii. The plastic materials used in this study were amorphous thermoplastic, ABS Cycolac MG47, which manufactured by SABIC Innovative Plastic US, LLC. The properties of this material are shown in Table 1 . Fig. 1 and 2 show front panel housing with dimension size of 120 mm x 80 mm x 18.75 mm and 2.5 mm thickness with straight drilled and conformal cooling channels generated by 15,650 and 18,675 pieces of surface triangles with 1 mm length of triangular respectively. Sub-marine gate is used in a gating system designed. Tables 3, 4 and 4 respectively. The best setting parameters and the most significant factors affecting warpage on front panel housing for both types of cooling channels then determined.
In this study, the temperature of core and cavity side of the mold are assumed same and considered as a mold temperature. The warpage results in all direction of thin shallow parts from the simulation process are also analyzed using Analysis of Variance (ANOVA) with the level of confidence is set at 0.05. Table 3 The Four Level of Effective Factor for ABS Cycolac MG47, Manufactured by SABIC Innovative Plastic, LLC in Experiment -I and II Table 4 The Combination Parameters for the Controls Factors in Experiment -I and II To identify the best parameter setting, The Signal-to-noise (S/N) ratio is calculated according to the results obtained from warpage analysis of front panel housing as shown in Table 5 . The results from ANOVA are compared with SN ratio method. The interaction effect of factors is identified and the significant of each factor towards the total effect is then analyzed accordingly. The relative percentage contribution of all factors is determined by comparing the relative variance. The degrees of freedom, variance, F-ratio, sums of squares, pure sum of square and percentage contribution are all computed. The examples of calculations are shown and the results of S/N ratio for warpage in thin shallow parts are listed in Tables 6 and 7 . 
Results and Discussion
In this study, the smaller warpage value means a better quality. Thus, the below equation is used to obtain the values of S/N Ratio in this case. Then the data are evaluated using Analysis of Variance (ANOVA) where the percentage of contribution for all factors is determined. Below are the examples of S/N ratio calculations for factor A for straight drilled cooling channels. The results of S/N ratio for the front panel housing with straight drilled and conformal cooling channels are summarized in Tables 6 and 7 . Figs. 3 -6 show S/N response diagrams constructed for front panel housing (Experiment -I) based on data acquired from Table 6 and Figs. 7 -10 show S/N response diagrams constructed for the warpage in front panel housing (Experiment-II) based on data acquired from Table 5 . Tables 6 and 7 , the highest value from each factor is considered the best and chosen as the finest grouping of parameters. Table 8 shows the summary of best parameter settings for the front panel housing based on Experiment -I and II. The results can also be seen from S/N response diagram shown in Figs. 3 -6 for Experiment -I and Figs. 7 -10 for Experiment -II. Table 8 shows the best setting of combination parameters where the minimum warpage can be obtain is 0.3005 mm with straight drilled cooling channels and 0.2826 mm with conformal cooling channels. Meanwhile, Tables 5 and 6 shows the most significant factors affected warpage on front panel housing. Different values between levels in Table 5 and 6 indicate which factor has the most significant effects warpage on front panel housing where the highest difference is the most significant factor. In ANOVA, the degree of freedoms for all factors needs to calculate. Below is an example for the calculations of the degree of freedom in this study: Based on the percentage of contributions from the Experiment -I and II as shown in Table 9 and 10, the most significant factor that affected the warpage on the front panel housing with straight drilled cooling channels is melt temperature with 75.16% and followed by packing pressure with 23.61%. Packing time and coolant temperature are not significant with the percentage contribution for each factor is less than 5%.
From the S/N ratio response in
On the other hand, the most significant factor that affected the warpage on the front panel housing with conformal cooling channels is also melt temperature with 77.12%, followed by packing pressure with 21.69%. Packing time and coolant temperature is not significant with the percentage contribution for each factor is less than 5%. Although the improvement is small but the industries involving with thin parts should considered it in order to improve the quality of the molded parts. Different design of the molded part, gating system, cooling channels layout and type of plastic resin used resulted a different value of warpage. Thus, in certain cases, the impact of conformal cooling channels will be high and cannot be ignored.
Conclusion
From the Taguchi Method and ANOVA have been conducted in this study, the conclusions below can be drawn: i. The numbers of experiment can be reduced by using Taguchi orthogonal array while the significant factors that affected the warpage on the molded parts can be determined using ANOVA. ii. The warpage on the front panel housing has been improved from 0.3005 mm to 0.2826 mm with conformal cooling channels compared to the straight drilled cooling channels. iii. It has been proven that conformal cooling channels are able to improve the warpage on the molding parts, thus the parts with a precision dimensions should consider the conformal cooling channels in order to improve the quality of the molded parts. iv. The results from this study are beneficial for molding industries in order to improve the warpage on the molded parts with alternative design of cooling channels. 
